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ABSTRACT

In this paper, we dcscrii some recent advatra
in GPS-based precise orbit dctcrrninationfor low-
Earth orbiting satellites. We will focus mainly
on theTopcxhscidon (77P) satellite,which was
launchd in 1992, The T/P satellite carrica a t%
channel Motorola Monad GPS dcsnonstration
receiver (GPSDR), which is capable of collecting
dual frqumcy (L1/L2) datawhen the GPS anti-
spoofing (AS) function is inactive. Data from the
first tWOpost-launch y- hWC kll WCd to
routinely compute T/P orbits with a radial
accwacy at fhe 2 cm RMS level Since the
routine activation of GPS AS, in 1994, the
GPSDR has collected GPS datamainly at the L1
freqwswy. Although the corrcaponding single
fiqucmy orbits (which have been routinely

-with_a-a~at&46cm
RMS level) arc less acctnate than the dual
frcqumcy orbits, they arc available on a nextday
basis ad have W used to support a vadety of
cmqing operationaloceanographic applications.
Most notable in this last categaty was the
monitoring of the 1997-9S HI Nifio event, In the
last year, several new modifications to the
solution strategy have &en investigated. Wth
these cnbancuncnts, our results indicate that the
next-day T/P GPS (AS) orbits can be cumputcd
witharadial accwacy of bctttithan3cm RMS.
Such orbit quality is ~ f~ s@le
fiwpncydata, aadapproachca thequalityufthe
official precise orbit cphuncris (mmputcd using



data from Satellite Laser Ranging (SLR) d
Doppler Orbitography and Radiopositioning
Jntegratcdby Satellite (DORIS)). We also discuss
the Gcusat Follow-On (GFO) mission, an
altimetric satellite laumhcd in February, 199S.
The C3F0 satdlitc canica advancd S-chand
codclcas TurboRoguc C+PSrcccivcrs, capable cf
collecting dualfrcquulcy (LlfL2) ePs datain the
prcmnccof AS. The data are expectedto
support2-3 cm radhilRMS accuracy for the GFO
orbit, indqmdm tof AS status.

INTRODUCTION

Today, the importance of monitoring A
modeling our oceans is very well recognized.
For instance, chrqm in WCtitk conditions
associated with El Nifio southern Oscillation
(ENSO) events have been well publicized tad
have scientific aud societal significance.
Information about the ocean height allows us to
make direct itrkrcncea about theocean circulation
pattcms and also about the likely mnsqucnccs
for atmospheric conditions. Satellite altimetry
missions provide a convenient and reliable
SOUICCfor high-quality data on the SC$MU&M
height. Radar altimeters based on current
technologies have opm—oma range accuracies at
the few cm level. To realize this accuracy in
terms of sci+sutfacc height, the concept rc.lic.a
heavily on high~ty precision orbit
dctcrrnination (POD). ova the last few y-
GPS-based POD has emerged as a powuful
approach for generating high-quality satellite
orbit solution%

‘l%e Topca/Posudon (’HP) mission was the first
altimetric satellite specifically dmigmd for
monitoring ocean circulation patterns at scalca
bearing significantly on climate change. It is a
joint venture between the French space agency
(CITES) and the US space agency (NAS@. 71w
T/P satellite was hnmchcd in August, 1992, ml
orbits at an altitude of 1336 km, It is the first
altimetic satellite to cary a GPS rcocivcr. The
so-called GPS Demonstration Rcccivcz (or
GPSDR) is an experimental d-channel receiver,
whose primary purpose was to test the validity of
using GPS-based data for POD. Until January,
1994, the GPSDR SUCCCSSfllllytrackedthe GPS
satellites gathering dual+equmcy (LllL2) data.
Based on these dual-fkqumcy data, post-
proocsscd orbitswith radid accuraciesbetter than
2 cm RMS wtie pmduccd [cf,, Bcttigcx et al.

1994; Thornton et al., 199YJ. However, on
Jatruary 31, 1994, the Ati-Spoofing (AS)
option was switched on in the GPS signal, With
AS switched on, the known P-code in the GPS
signal is @aced with the cncxyptcd Y-code.
Owing to the dcaign of this expuimmtal
rtxciva, the implications for the GPSDR were
that it could no longer track the L2 signal.
Conscquc@ly, GPS-based POD efforts for T/P
have died on single-frequencydata since Jamaty
1994. The largest drawback with using only
Srngldmqucncy (L1) data is that the dispersive
ionosphere delay expuicnccd by the L1 signal
can no longer be removed by calibration with the
L2 signal, and must bc modeled (typically using
Climatological ionosphere models). The
systematic Urors Stemming km rcaidual
uamodclcd ionosphere delay also mcumber
efforts to remove errors associated with
unmodclcd or mismodclcd forcca, such as tie
solar radiation prcmmre. @nvrs associated with
th~e forces cau be pattially removed by using a
so-called reduced dynamic filtering strategy.)
Until June 1997, JPL’s next-day, @lc-
fiqumcy, GPS-based T/p orbits were routinely
prduedwith radirilaccuraciea atthc4-6cm
RMS level, Over the last year we have focused
on improving the quality of the singldrqucnq,
GPS-based orbits. In the subsequentsections wc
will desclibe our appwclm for improving thc4w
orbits. currently, we can produce singlc-
frqumcy, GPS-based orbits for TiP with radial
accuracica better than3 w RMS.

The Gcosat Follow-On (GFO) mission is
sponsored by the US Navy and is the lat~t
spacebomc nular altimetric mission. The GFO
satellitewas launched on February 10, 199S, d
canics four S-channel, cudchxs TurboRogue GPS
receivers (1 active and 3 spare). Them rccchxs
should permit tracking of both L1 and L2 data,
indqdmt of AS status. Orbits at the 2-3 cm
RMS level are expected with the dual-frqucmy
data, Al this writing, one of the rcccivcrs is
switched on, but is not being utilimd yet
operationally due to lower than exptcd SNR
levels, JPL cngincms me working with fhe
contractor that integrated the rcocivas on the
spacecraft to diagnose theproblem.

NEAR REAL-TIME USE OF T/P
ALTIMETER MEASUREMENTS

In the introduction we pointed out that the
usefulness of satellite altimetric data hingc4 on



the rmtilability of high-quality orbitsfcu the
satellite. For T/P the definitive orbit is the
NASA Precise Orbit Ephemeris (POE) -hall
et al,, 199Sj. The POE is gmcrated using
DORIS and SLR dataaudis generallyacccptcd to
be radially accurate to about 2 cm RMS [cf.,
Tapley and I@, 19971, Howeva, the latency
period between the end of datacollection and the
release of the POE is over 1 month, in part
because the solution gow through extensive
validation @or to its release. This pmdudes the
use of altimeter measurements, with the
definitive T/l? orbit, in any neat real-time
applications.

Fortunately, the 8ill#*_y, @s-based
orbits for T/P arc at a level of accuracy that
permits their use with altimeter data in many
operational applications. For example, the GPS-
based orbits permit the near real-time
assimilation of the TLP altimeter data in a
coupled ocean-atmosphere model at NOAA’s
National Center for Entiomnental Prediction
(NCEP) [cf., Clm.tey et al,, 199710Output from
this operational forecast model played a mr@r
role in the NCEP’ t+ Spring 1997 decision to
issue a forecast for the currentEl Nifio event. (h
of early May 199S, some of the effects of this El
Ni50 event were still evident in the Pacific.)
Morcova, the availability of accurate altimettic
data, on a nearreal-time basis, permitted the near
real-time monitoring of the El NiOo event.

Clearly, emeqing operational operations thatuse
altimeter data with near real-time orbits will
bcdit greatly from having the most accumte
orbits available. Over the last twelve months, the
single-fiqumcy, GPS-based orbits produced by
JPL for T/P have substantially improved in
ety. ~mfly wc can produce T/P orbits on a
nextday basis which are radially accurate to
better than3 cm RMS. This level of accumcyis
uqmdcmd far Singldkquency, OPs-based

orbits and almost rqproachca the levd cf
accuracy of the definitive T/P orbit,

SOFTWAKE FOR GPS-BASED T/P
ORBIT PRODUCTION! WA II

Our GPS-based orbitsfor T/P are computed
using JPL’s GIPSY OASIS II (QOA II) software
suite [cf., Webb et al., 1993]. GOA II is a
cd.kction of FORM pl’O~fdllS d
cucapsulating scripts, & mipts are eithca C-
shell stipts or Perl scaipts, which facilitate the

automation of routine computing tasks.)
Communication between the various modules in
the software suite is via weWMined input ad
output filta .

00A II has been used extensimly at JPL, ml
clsewhexe, for precision orbit determination d
both GPS ad otha satellites. It has also been
used fcx precise geodetic applications, such m
estimaticm of plate motion and crustal
deformation through precise point-positioning cf
C3PSreceivers.

The GPS-lMsed orbit for T/T is gcnmatcd using
an autarnatedproccw which calls the various
modules in (30A II [cf., Muellcxschoca et al.,
199SJ0This script rum on a daily basis; it walw
every 30 minutes awl intemogates our databasea
to see what datais available to gencmte an orbit.
When sufficient data are available, an orbit
spanning a 27 how arc (24 hours plus last 3
hours frcun pMiOUS day) h CCStlpUtd. ‘b2
automated process pdcnms several internal
checks to gauge the quality of the computed
orbit (such as mmputing postfit raiduals or
diffcrenca in the 3 hour overlap puiod with the
previous day’s solution). Bawd cm a sequcncc c#
(ovcdapping) 27-hour arc solutions, a solution
spanning al@dayrcpcat cycle canbc genmted
by merging the 10 daily solutions using a cosine
tap. (The exact gruund-trackrepeat cycle for
T/P is 9.915625 days and is commonly mfumd
to as the “W&y” T/P repeat cycle.) This
prOVidCSus with an Orbitwhich can be ccsnpmd
with the NASA POE.

ORBIT IMPROVEMENT FOR T/P

Modeling the ionosphere delay: As wc

W pOk@OW when AS is off the GPSDR
can track both L1 and L2 signals. Linearly
combining the currapending data pctmits the
leading order effects of the itmosphcre to be
removed from range measurunmts. WhereAS is
on, only the L1 signal is trackedand the effects
of the ionosphere must be modeled. Until June,
1997, the Bent ionosphcm model [cf., Bent et al,
1976_jwas used for computing the ionosphere
delay in our near real-time prcceasing. This is a
climatological model ad is constructed, by a fit
to empirical measurements, to yield an average
response for the ionosphere, With the Bent
model the radial accumcy of the next-day, GPS-
based orbits was about 6 cm RMS. In June,
1997, we switched to modeling the ionospke
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Figure II Cycle 160 radial position of C3POES,computed using Beat awl IR19S ionosphere mockls,
relative to the definitive T/P orbit (the NASA POE).

dday using auothcr climatological model, the
IR19S ionosph~e model [cf., Bilitz.a et al,,
1993]. To illustrate the improvement in orbit
quality, we compare two GPS-based orbits (one
cntnputed with the Bentmodel,the otherwith
IIU%) for repeat cycle 160 with the definitive
T/P orbit, i.e., the NASA POE, (Repeat cycle
160 is the 16Wh “lO-day” repeat cycle of T/P
and is from January 16, 1997, to January 26,
1997.) In Figure 1, we depict the radial diffcrmcc
of the two GPS-based PO13a(GPOES) relative to
the NASA POE. Clearly, the orbit based on the
IR195 ionosphere mcdcl is in much closer
agreementwith the definitive orbit.

Another mcaus of assessing the radial orbit
accumcy is provided by comparing sdtimetcr-
daived S*SUlfftCe heights at _tra&
intersections. l%eae intersections occur whawvcz
an ascending and a clcscending segment of the
satellite orbit pass ova the same point on the
Earth’s surface. After correcting the altimeta
mcasurcmcntsfor effects such as ocean tides, sca-

State,prcssureloading d 80 on, their diffcrcslcc
protidcs us with a valuable metric of the radial
orbit aror. Ofher altimetric error sources as well
as oceanographic effects (e.g., changw in
currents), contribute to the height disclosure at a
cmssovcr location. We attempt to minimk
these effects by “super+diting” the aossova
residuals according to certain geophysical ml
enviromncntal critaia, and by rcatricting the
comparison to Crossovers occuning within a
Single“ lo-day” repeatcycle,

In Figure 2(a) we plot the cycle 160 crossovas
for the (WOE computed using the Bent
ionosphere model, in Figure 2@) we plot the
Crossovcm for the GPOE ccmputcd using the
IR19S ionosphcte model ad in Figure 2(c) wc
plot the crossovers for the NASA PO13. Figure
2(c) depicts the ideal histogram profile tall tz.xl
narrow. Comparing the histograms for the
GPOES, we see that the profile for the orbit
based onlR195 is closer to the ideal shape. This
is also rcficctcd in the RMS uf the crossova



et)”

60”

so”

0°

-30°

%0°

-w

(a)

00°

00°

30°

o“

i30°

-w

-90”

(b)

90°

00°

so”

0°

-30”

-00”

.~

(c)

Geographical plot of UUISSOVem
n

180° -90° 0° 000 180”

180” -90” o“ 000 180”

n

1so” -90” 0° 900 100°

Histogram for~vem

300

2C0

100

D
40 -20 0 20 40

UQ6smmr dmrenoe (cm)

40 -20 0 20 40
u’~ CHfksreme(cm)

~“

4 -20 0 20 40

Figure 2: Cycle 160 super-edited crossover differences: (a) WOE computed with Bmt ionosphere model,
RMS of the crossover diffcracca is 11.64 cnu (b) C3POEcomputed withlR19S ionosphere model, RMS c#
the crossovu diffcrcmccs is 7.97 cnx (c) NASA POE, RMS cd the crossover differences is 5.44 cm.

diff~, which improves from 11.64 cm fa In what follows we will build on these
theBcntmodcl to 7.97 cm for the IR19S model, improvements by continuing to use the IRI%
From analysis of the crossovu statistics for a ionosphere model. Morcovti, we will illustmte
squmcc of cycles, we ink that radial orbit our improved orbits using only the altimet~
accuracy improves from about 6.2 cm RMS with crossovers. Since the definitive orbit (POE) is
the Bent model to about 4.3 cm RMS with the radially accurateto only the 2 cm level, it may
IRK% model be misleading to look atradialdifferences relative

to the definitive orbit, Whca trying to idmt@
small orbit changes, radial diffcracc!$ relative to



the ckfiktitive orbit may indicate GPOE
improvement where there is none, m vice vcma.
On the othcahand, changes in altimetef crossover
differencesCa22bcdirectlyColxchttcdwith changes
in orbit quality.

Intcrf’requency bias estimates and group
delay differentials for GPS satellites
On accountof thephysical separation bctwem
thefrequency same and the anten22aphase omtcr
on GPS satellites, them is a remking fiquesq-
depcdcnt time-lag between GPS signal
gencaationand broadcast. If for GPS satellite X,
T~lX is the time-lag for the L1 signal and T~2Xis
the time-lag for the L2 signal then we have the
following relationship between the two [cf.,
section 20,33 .3.3.2 of the GPS intcrfacc control
document ICD-GPS-20WJ:

T~2X= (f~l / f~2)2T~lX

where f~l andf~2are theL1 and L2 fiequacies. If
we use only L1 data along with exact GPS
clocks, ad fail to account fm the T~lX time-lag,
fhenpseudoranges between T/P and GPS mtdlite
x will contain an unknown bias [cf., van
Dierendonck et al., 19S0]. Values for each T~lx,
an contained in the currentbroadcast navigation
message and ate mfcned to as group delay
differentials.However, these valuca me based on
prelaunch measurements and are not gamdly
reliable for precise applications, Fortunately, the
JPLprqcct for computing nearreal-time maps of
the ionosphere [cf., Manucci et al., 1993; tuxl
Manucci et al., 1995J provides us with rdiable
estimates of relatedquantities: the inadequacy
biases. Fox GPS satellite X, the iutdmqumcy

bias Tnx is simply the difference bctwcuI the L1
and L2 tindags, i.e.,

T~,x = T~lX - T~2X
= ((f,? - f.:)/ f.?) T,lx

which implies thatestimates of TnX allow us to
compute estimates of T~lX. Using the values fcw
the T~lX time-lags based on the intdiequaq
bias Wimates 14s to reduced postfit
psmdomnge mkluals (from about 90 cm to
about 45 cm) ml improved orbits, The RMS d
the crossovcm for cycle 160 is suggestive of a
V~ slight &-on in accuracy. The
cmssovcm for the cycle 160 GPOE computed
using the intdmqumcy bias estimates m
depicted in Figure 3, However, analysis of a
sequenceof cycles indicates that the radial orbit
accuracy improves to about 3.6 cm RMS, when
intdrequency bias eatimat~ arewed,

Dynamic modeling errors: Whea AS was
off, prior to January 1994, cmms in the T/P orbit
from unmodeled or miamcdclcd forces could bc
significantly mduccd by estimating certain
stochastic acceleration parametccs in a so-called
reduceddynamic filtti pass [cf., Bextiga et al.,
1994], Whm AS was activated, systematic
mcasurcmcnt model e2rors,principally dus to the
mismodcled ionosphae delay, mntamma“ ted the
tracking observations to such a &giee that
reduced dynamic filtexing was no longer feasible.
Now, however, enors from mismodcling the
icmosphme have been substantially _
making it possible to attempt a limited type cf
K!dlKed dynamic filtering. The Unmodclcd Ssxl
mismodeled forces are remnant at a fiqcncy d
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I dual-frequency strategy

parameters oonstant radial, cross-
trmk & dmm-traok

type

steady state O’S

carrier phase data
vwlghte

pseudorange data
vwlghts

colored noise; correlation
times of 15 nlnutes

10 nrnlszradiai; 20 nmh’
omss-track& down-track

2 cm in d.f,p.
1 cm in r,d.f,p.

300 cm in d.f.p,
300 cm in r,d,f,p,

single-frequency strategy

constant dowwtrack: sine &
cosine I/rev in do~-track
md crmss-track
oolored noise; comelation
times of 6 hours

0.5 ntisz constant dw?-
traok; 1.0 rim/s*others

20 cm in d.f.p.
5 cm in r,d,f.p.

80 cm in d,f,p.
40 cm in r.d.f,p,

Table 1: Comparison ofrcduccd dynamic filter strategiesfor dual—frequencydataand Sinddquulcy data.
Note df.p. im%tes “dynamic tit~ PSS5°andrd.f,p.-ticatca “rcduc~ d+E@lliCfitcr ~-S. - -

Geographicalplotofotwsovem HistogramforOt’OSSovem

-w
lsOO ~ .~ o ~ 40°

w~ Catlaretwe(m)

Figure 4t Cycle 160 super-edited crossover differences for @OE computed using srnglefrcqwmcy mtbcd
dynamic filtering strategy;RMS of the crossovor differences is 6.18 cm,

on--revolution (l/rev). Consequently, it
makes sa~e to estimate acceleration paratmlcrs
that have the same ficqucsmy. In fact, in w
regulat solution strategy we Wimate such
acceleration parameters, but the ~11
hmmonic llrev coefficients are treatedas ccmstant
throughout the solution ~C. With OUldud
dynamic fik, the estimated acceleration
parametersarc allowed to modulate, with a new
estimate being generatedfor every hour uf the
solution arc, In Table 1 we compare the reduwd
dynamic filtering strategyfor both dual-fmqucsq

@** d Single-frcqucq (As-on) data.
It should bs noted that the estimatedaccekation
parametersfor the singldrcqumq strategy will
be quite small (steady-state0’s arc an cmkr cf

magnitude smaller than in the dual-&CqUaq
strategy), preventing the reduced dynamic
solution from deviating very far from the
solution gcmxatcd with oux regular strategy

(-c filtering). In Figure 4 we depict the
cycle 160 crossovers fot the GPOE computed
using the singlc&qucsq reduced dynamic
filtering strategy. This compares very favorably
with the crossover plots in Figure 2(c) for the
NASA POE. Analysis of a scqumce of cycles
indicatea that the radial acmracy improves to
about 2.6 cm RMS when we use the single
frequency reduced dynamic filtaing strategy,

synopsis of improvements: In the
previous subsections, we quoted radial CzlU
measurements, for the diffcrcut solution
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Figure 6: Comparison of RMS of supcz-edited crossover diffacuce—sfor a scquenm of repeat cycles,
indicating improvements in @OE accumcy for the different soluticm strategies outlined in the main text,
The RMS of the crossover diffcrencm for theNASAPOE arealso depicted for compmison.

strategies,thatwere based on a scquutce of repeat
cycles. The cyclti chosen were 160 awl 164
through 174. In Figure 5 we depict the RMS of
theC1’OSSOVU’diffemmces,for eachrepcat cyck and
for each solution strategy. For comparison, the
RMs of the Crossovcl diffcwslces for the NASA
POE am also depicted. Assuming the NASA
POE is radially accurate to about 2 cm RMS, we
can Wimate the radialaccumcies of the diffcmslt
C3POES,which am prcaentedin Table 2. From
Table 2 and Figure 5, it is clear that singlc-
fmqucncy GPS-based orbits for T/P can now be
e, on a next-day basis, which have radial
accuracica better than3 cm RMS.

I

BentIonosphere I 6,2om I
I

IR195Ionosphere 4,3cm I
Interfrequenoy biases I 3,6 om 1

1

Auoed dynamiofltler 2,6om
I

Table 21 comparison of the radial RMS
accuracies for thedifferent solution strategies.

SUMMARY AND CONCLUSIONS

We have shown how availability of near real-
time orbits permit the use of T/P altimeter data
in emerging operational applications, In addition,
we have shown that the nextday, singlc-
frequcucy, GIN-based orbits for T/P can now bc
pxluccd with an accuracy level that qpmacka
that of the definitive T/P orbit (i.e., the NASA
POE). This means thatnear real-time monitoring
of our occanscan now bcpafonneclwith an
unfxrccedclltedlevel of accuracy.

It is also possible that further gains in acmraq
c+tnber* by using a data driven ionosphere
map, such as thenear real-time globtil ionosphere
maps produce-dat JPL [cf., Manucci et al., 19WJ.
Whenever there is a dynamic ionosphere (i.e.,
whcneva them is an ionospheric storm) these
-S arc far sqwrior whm mmparcd to the
climatological models.
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